Summary: Effects of blood glucose concentration on bio chemical and neurologic outcome following lateral fluid per cussion-induced traumatic injury of moderate severity (2.8 atm) in rats were studied using radioactive phosphorus elp) mag netic resonance spectroscopy (MRS) and a battery of tests de signed to evaluate posttraumatic neurologic motor function. Prior to injury, male Sprague-Dawley rats (n = 18) were ran domly assigned to receive either dextrose, 2 ml 50% (wtlvol), zinc insulin (10 IUlkg) or no treatment, thus dividing the ani mals into hyperglycemic, hypoglycemic, and normoglycemic groups, respectively. Animals were then injured, monitored for
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It is now clearly accepted that blood glucose concen tration has a major affect on outcome following brain ischemia (Myers and Yamaguchi, 1976) . Hyperglycemia is deleterious to outcome, presumably by exacerbating tissue lactic acidosis (Plum, 1983; Siesjo, 1988) while moderate hypoglycemia results in less tissue acidosis and a smaller infarction area (Diemer and Siemkowicz, 1981) . Based on these results, it has generally been as sumed that a similar relationship would exist in traumatic brain injury. Indeed, experimental studies have shown that a transient increase in glycolytic rate does occur immediately following traumatic brain injury (Hayes et aI., 1988; Hovda et aI., 1992) and that, despite normal rates of oxygen consumption and blood flow, this in crease in glycolytic rate does result in a slight and tran sient acidosis immediately following the traumatic event (Andersen and Marmarou, 1992) . It is, therefore, pos sible that with increasing blood glucose concentration, elevated rates of cerebral glucose utilization would per-4 h by 3lp MRS before being allowed to recover, and assessed for posttraumatic motor function. Following brain injury, there was no difference in brain intracellular pH between groups over the 4-h posttraumatic MRS monitoring period. Similarly, intra cellular free magnesium, cytosolic phosphorylation potential, and neurologic outcome posttrauma were not significantly dif ferent between groups. We conclude that, unlike models of ischemia, blood glucose concentration may not be a significant factor affecting outcome in traumatic brain injury. Key Words: Magnesium-Nuclear magnetic resonance-Magnetic reso nance spectroscopy-Brain injury-Lactic acidosis.
sist following trauma, with resultant exacerbation of aci dosis and neurologic dysfunction. However, no studies have directly addressed the role that blood glucose con centration may play in the formation of lactic acid by the brain following traumatic injury or its subsequent affect on neurologic outcome.
Studies of experimental trauma using radioactive phosphorus elp) magnetic resonance spectroscopy (MRS) have shown that brain tissue pH can be used to indirectly monitor brain lactic acidosis following trau matic brain injury . Furthermore, 31p MRS can also be used to determine free magnesium concentration and cytosolic phosphorylation potential, both of which have been correlated to neurologic out come following brain trauma (Vink et aI., 1988) . In the present study, we used 31p MRS as well as a battery of tests designed to evaluate posttraumatic motor function in order to determine the effects of blood glucose con centration on biochemical and neurologic outcome fol lowing moderate traumatic brain injury in rats.
MATERIALS AND METHODS
Male Sprague-Dawley rats (n = 18; 250-300 g) were fed and watered ad libitum before being randomly assigned to re ceive either zinc insulin (hypoglycemia), dextrose (hypergly cemia), or no treatment (normoglycemia). Zinc insulin was administered by intraperitoneal injection (10 IU/kg) 3 h prior to injury so that the animals were moderately hypoglycemic by the time trauma was induced. Dextrose was administered as a 50% (wtlvol) solution into which a total of 2 mls was slowly infused intravenously over a 30 min interval immediately prior to induction of injury. Previous studies have shown that ad ministration of dextrose by this regimen results in blood glu cose concentrations > 15 mM and brain glucose levels exceed ing 30 f,Lmol/g (Rehncrona et a!., 1980) . To confirm that blood glucose concentrations were in the appropriate range at the time of trauma, blood samples were obtained from the caudal artery immediately prior to injury and blood glucose concentration was determined using a Boehringer Mannheim glucometer (Boehringer Mannheim GmbH, Mannheim, Germany). Moder ate hypoglycemia was defined as a blood glucose concentra tions <2.0 mM, hyperglycemia as >15.0 mM, while the normo glycemic group recorded blood glucose concentrations between 4.0 and 10.0 mM. All blood glucose concentrations remained in their respective ranges throughout the MRS monitoring period with the exception of the hyperglycemic group, the levels of which fell to normoglycemic values between 3 and 4 h post trauma.
Traumatic brain injury was induced in sodium pentobarbital anesthetized animals using a fluid percussion injury device, as previously described in detail elsewhere . This method is based on rapid injection of a saline pressure pulse epidurally into the closed cranial cavity of the rat causing transient tissue deformation and resultant injury. In the present study, injury was induced at 2.8 atm via a 4-mm cra niotomy centered over the left parietal cortex. Prior to and for 4 h following injury, 31p MRS spectra were obtained as pre viously described using a 7.0 T magnet interfaced with a Varian spectrometer console (Varian Associates, Palo Alto, CA, U.S.A.) (Emerson et a!., 1993) . Previous lateral fluid percus sion injury studies have shown that injury is limited to the cortical and subcortical structures of the hemisphere receiving the impact . By using a 5 x 9 mm surface coil placed centrally around the trauma site and a 90° pulse width calibrated at 2 mm cortical depth, spectra were represen tative of the left hemisphere to a depth of 5 mm , thus encompassing the injury zone.
Intracellular pH was determined from the chemical shift of the inorganic phosphate peak (OP,) relative to phosphocreatine (PCr) in MRS spectra using the equation (Petroff et a!., 1985) (oPi -3.29 ) pH = 6.77 + log 5.68 -oPi where 0"'-13 is the chemical shift difference between the a and [3 peaks of ATP. The Kd for MgATP was assumed to be 50 f,LM at pH 7.2 and 0. 15 M ionic strength and was corrected for pH as previously described (Bock et a!., 1987) . Cytosolic phos phorylation potential, /l Gp, was calculated as previously de scribed in detail elsewhere (Vink et a!., 1988) assuming prein jury values for phosphocreatine and ATP of 4.72 f,Lmoles/g and 2.59 f,Lmoles/g, respectively . Cytosolic ADP concentration was calculated from the creatine kinase equation after adjusting the equilibrium constant for pH and free magnesium concentration Vink et a!., 1988) . Brain water content was assumed to be 80% of total wet weight, with the intracellular compartment accounting for 78% of the total water (Siesjo, 1988) .
Neurologic function was assessed at \ and 2 weeks after injury using a battery of motor tests especially designed to detect abnormalities of motor function fo llowing lateral fluid percussion brain injury (McIntosh et a!., \989) . Briefly, the tests used in the present study included (a) ability to maintain vertical, left horizontal, and right horizontal position on an inclined angleboard for 5 s, (b) left and right forelimb flexion upon suspension by the tail, and (c) resistance to both left and right lateral pulsion when attempting to roll the animal onto its back. All animals were graded on their performance in each task on a scale of 0-5, where 5 is normal and 0 is afunctional. A composite score ranging from 0 to 35 was obtained by com bining the scores of all seven tests.
RESULTS
Prior to injury, brain intracellular pH in all animals was 7.09 ± 0.05 (mean ± SD), which is in excellent .. .. . induced trauma in rats. Blood glucose concentrations were> 15 mM in the hyperglycemic group, 4-10 mM in the normoglycemic group, and <2 mM in the moderate hypoglycemia group. All data are mean ± SD (n = 6).
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of blood glucose concentration (Fig. 1) . There was also no significant change in A TP concentrations following injury, consistent with previous results at this level of injury Vink, 1993) . Mean intra cellular free magnesium concentration in brain was 0.62 ± 0. 15 mM, which is similar to previously reported val ues (Emerson et aI., 1993; Vink, 1993) . Following mod erate trauma, there was a significant decline in free mag nesium concentration in all groups [p < 0.05, analysis of variance (ANOV A)] (Fig. 1) , with no significant differ ence being detected between groups. Similarly, cytosolic phosphorylation potential declined from a mean prein jury /lOp for all animals of 34.0 ± 6.5 mM-1 to -63% of preinjury values (p < 0.001, ANOV A), with no signifi cant difference being detected between treatment groups (data not shown).
Posttraumatic neurologic outcome in normoglycemic animals was consistent with moderate injury (McIntosh et aI., 1989). Median score for individual tests was 4-4.5, while composite neuroscores were 28 and 31.5 in weeks 1 and 2, respectively. Outcomes in hyperglycemic and hypoglycemic animals were not significantly different from those of the normoglycemic animals (Fig. 2) . Al though there was a trend toward improved outcome in these groups at 1 week, this improvement was neither significant nOt sustained.
DISCUSSION
Previous studies have suggested that increased glyco lytic rate following traumatic brain injury may result in formation of lactic acidosis with resultant exacerbation of injury (Andersen and Marmarou, 1992) . The present studies demonstrated that irrespective of available glu cose concentration in the blood, lactic acid production in moderately traumatized brain does not exceed either the acid extrusion capacity of the cells or the buffering ca- Hovda et aI., 1992) . However, in the hyperglycemic group, the decline in free magnesium concentration is only 11 % in the first hour, followed by a further 14% decline 3-4 h post trauma. Despite the decreased rate of magnesium decline in the hyperglycemic group over the first 3 h, these re sults still support the concept of increased glucose con sumption being linked to early ionic changes. Glucose and magnesium are known to co-transport in a number of tissues (Henquin et aI., 1983) , and our results suggest that increased glucose consumption in brain after trauma may also result in magnesium co-transport. While blood glucose concentration remains in the hyperglycemic range, glucose/magnesium co-transport may attenuate the rate of decline of free magnesium. Since blood glu cose falls to normal levels 3-4 h posttrauma, glucose/ magnesium co-transport may then be insufficient to at tenuate the magnesium decline. Interestingly, studies of cerebral ischemia have also shown higher levels of tissue magnesium concentration following an ischemic event under hyperglycemic conditions as compared to normo glycemic conditions (Warner et aI., 1987) .
